To investigate the temperature effect on characteristics of icing distribution near the tip part of rotating blade of largescale horizontal-axis wind turbine, numerical simulations were carried out on a horizontal-axis wind turbine rotor with rated power of 1.5 MW based on a quasi-three-dimensional computational method developed in this study. The icing simulation was focused on the part between blade tip and 30% length of blade from tip along span wise to blade root where the most serious icing area is according to the past researches. Eight sections along blade were selected, and the ice accretion on each airfoil was calculated. Eight temperature values from 26°C to 220°C were decided to investigate the effects of temperature on icing under the certain liquid water content and medium volume droplet. Three icing times were selected to research the ice accretion on blade surface with the increase in the time. According to the results, the icing distribution has the overall characteristics that the icing shape changes from horn icing shape to streamline icing shape with decrease in the temperature. The closer the blade airfoil section to blade tip, the more obvious the ice accretion is. This study can be a reference for the research on anti-icing and de-icing technologies for large-scale horizontalaxis wind turbine.
Introduction
Wind energy, as a main kind of green and renewable energy, has been greatly developed and utilized in the world benefiting from the progress of research and successful commercialization. The horizontal-axis wind turbine (HAWT) is the most popular type among all kinds of wind turbine. In order to obtain more wind energy and increase the conversion efficiency, the rotor size of HAWT has become larger and larger. Usually, the blade length of a modern HAWT with rated output power of 1 MW can reach up to 30 m. The larger the output power of the wind turbine, the longer the blade will be. [1] [2] [3] Therefore, the structure-related issues have become an important research branch for large-scale HAWT. 4, 5 Furthermore, wind turbines operating outside will be threatened by ice, snow, thunder, dust, and so on. For wind turbines installed in cold regions, the icing problem greatly affects the output performance and safety operation. [6] [7] [8] The icing on blade changes the airfoil and affects its aerodynamic characteristics, which leads to the decrease in the power performance. The load distribution on blade will be also changed, which may affect the reliability and safety of rotor. Therefore, the icing research for large-scale HAWT is getting more and more attention. 9, 10 There are two main methods to research icing mechanism and characteristics on wind turbine blade, icing wind tunnel test and numerical simulation. 11 The icing wind tunnel test has high requirements for experimental device and the cost is too expensive. 12 Recently, the computational fluid dynamics (CFD) method has been developed rapidly and also used in icing research field. Messinger 13 did researches on heat and mass transfer model for icing, which is called Messinger Model, and established the foundation for icing simulation. Other simulation methods and icing codes have also been developed, such as LEWICE, LEWICE3D, ONERA, and IRC. [14] [15] [16] [17] [18] These codes are almost used for icing of aircrafts. Based on the aircraft icing researches, some researchers studied the icing characteristics on wind turbine blade and obtained some useful results. [19] [20] [21] [22] We also have researched wind turbine icing problem by both icing wind tunnel tests and numerical simulations. [23] [24] [25] A quasi-three-dimensional (3D) numerical simulation method was developed for calculating the icing distribution on a rotating blade of large-scale HAWT under different environmental conditions. 26 The icing distribution on a rotating blade can be calculated quickly and accurately by the Quasi-3D numerical simulation method, and the accuracy of this method had been verified through comparison with other codes and experiments.
The icing distribution on blades of a 1.5-MW HAWT has been calculated in this research. The results show that the icing distributes mainly on the part between blade tip and 70% length of blade from tip along span wise to blade root. In this study, we carried out further research on the temperature effect on icing distribution at the part from blade tip to 30% length where the most serious icing area is. Eight temperature values were selected for simulation. The icing characteristics were obtained and discussed. The flow field around the blade airfoil under different icing times has been calculated and discussed. The result shows that the flow field around the iced airfoil is greatly different from non-iced airfoil. The results can be useful for de-anti icing systems, such as the system should be installed at the leading edge of the blade, how long the system should run, and what power the system needs, and this research could provide the database for deand anti-icing systems.
Geometric model and method
Wind turbine model Figure 1 shows the rotor diagram simulated in this study. A real-world operational HAWT made by some manufacturer with rated power of 1.5 MW at wind speed of 11 m s 21 was selected. The rotor diameter (D) is 83 m and the blade length (L) is 39.2 m. The blade is made by glass-fiber-reinforced plastic (GFRP). Based on the past researches, the icing almost occurs at the part between tip and 70% blade length from tip to root. In this study, we focus on the most serious icing part between blade tip and 30% blade length according to Figure 1 . Eight sections were selected and the icing on the airfoil at each section was simulated. Figure 2 shows the diagram of local velocities at airfoil. The U N is the wind speed, the V is the tangential velocity (V = rv), and the W is the resultant velocity. To make the simulation simplifying, the resultant velocity W is turned into horizontal location using a rotation angle (c). This operation is based on the assumption that there is no water flowing along blade span under rotational condition. Although this may lead to some errors comparing with the actual condition, the simplification is effective for evaluating the overall icing characteristics on blade. 26 Therefore, a 3D rotating model is simplified into a twodimensional (2D) model. We named the method as Quasi-3D computational method. The main working parameters of each airfoil are shown in Table 1 .
Numerical simulation
The air flow field was calculated first. The air flow field is a low-velocity viscous flow which can be calculated by Navier-Stokes (N-S) equation and solved by the Semi-Implicit Method for Pressure Linked Equations (SIMPLE) method. The N-S equation is
where r is the air density, u is the transport variable,ṽ is the air velocity, G f is the air temperature, and q f is the source item. The air has not compressed in the calculation process, so the mass conservation equation is
The momentum equations of x, y, and z directions are
The turbulence model used in this article is k-e model, and the turbulent kinetic energy equation is
The turbulent energy dissipation rate equation is
It is an unsteady model. The diffusion term is solved by central-difference, and the convection term is solved by second-order upwind scheme. And
where r is the air density, k is the turbulent kinetic energy, e is the turbulent dissipation rate, u i and u j are the air velocities, t is the turbulent time scale, a k is the Prandtl number of k equation, a e is the Prandtl number of e equation, m eff is the coefficient of turbulent viscosity, G k is turbulent kinetic energy generated by the laminar velocity of gradient, and C 1e and C 2e are the empirical coefficients. C 1e = 1.44, C 2e = 1.92, C m = 0.09, a k = a e = 1.39, s k = 1.0, s e = 1.22, and s t = 0.9-1.0. The impingement limit was calculated by the Lagrangian method and solved based on Runge-Kutta method. The initial time-step used in the trajectory integration is 10 25 s. The Lagrangian equation is shown as follows
where r d is the density of droplets, r a is the density of air,g is the acceleration of gravity, A d is the area of water droplet facing wind, V d is the volume of water droplet, C d is drag coefficient,ũ a is the local wind velocity, andũ d is the water droplet velocity. The RungeKutta equation is
whereũ n + 1 is the value of next time;ũ n is the current value; K 1 is the slope of the beginning time; K 2 is the slope of the midpoint of the time; K 3 is also the slope of the midpoint of the time, but this value is determined by K 2 ; and K 4 is the slope of the end time, it is determined by K 4 . Based on the control body theory, the process of icing which droplets impact on blade is solved by mass and energy conservation equations. The principal of mass and energy conservation on the surface of single control body is shown in Figures 3 and 4 .
According to the mass conservation, the weight of current control body equals to the difference between mass of water going into the surface of control body and the leaving ones so is the mass of water which was changed to ice, and f is the icing ratio.
The surface energy of the control body is subdivided into eight items. According to the first law of thermodynamics, the energy balance equation is
where _ E so is the energy of water during freezing, _ H va is the heat of evaporation of water droplets or ice surface, _ H ou is the energy of droplets out the body, _ H in is the energy of droplets into the body, _ H im is the impact kinetic energy into the water heat flux, _ Q f is the energy of air friction heating, _ Q c is the convective hot flow of wall and the environment, and _ Q k is the heat between ice and water. Figure 5 shows the main information about computational domain and meshing around the airfoil. C-type meshing was applied in this research. The standard wall functions method was used in this article. The inner node P was located in the logarithmic law layer which is the vigorous turbulent area. The y + was set as 50 in this research. And, the semi-empirical formula u + = 2.5ln(y + ) + 2.5 was used to related the quantities on the wall with the unknown quantities in the turbulent core area which should be solved. To accurately calculate the flow field changing around the surface of airfoil, the grids around the airfoil are encrypted and represented.
Meshing
For researching the best grid number to simulate, the grid independence verification test was carried out, and the result is shown in Figure 6 . The verification was based on the lift coefficient of section 1 airfoil. The result shows that the line of lift coefficient tends to be steady when the grid numbers are more than 36,000. Therefore, the number of grid was set more than 36,000 under per simulation in this article. Table 2 shows the material properties of water and ice. Table 3 shows the main environmental parameters including temperature, liquid water content (LWC), medium volume droplet (MVD), and icing time. Eight temperature values from 26°C to 220°C were selected to invest the effects of temperature on icing under the certain LWC and MVD. Three icing times were decided to research the ice accretion on blade surface with the increase in the time.
Validation
To verify the feasibility of the simulation method used in this study, a validation was carried out with past researches including simulation and icing wind tunnel tests. 19 The model was decided as the NACA0012 airfoil and was in static condition at the attack angle of 0°. Two other computational codes were selected including IRC Code established by China Aerodynamics Table 4 . Figure 7 shows the results of icing shapes on airfoil by different methods. The icing shapes obtained by different methods have good agreement, in general, although there still exist some differences between each other. Therefore, the icing shape obtained using the method in this study can be used as qualitative analysis for evaluating the icing distribution characteristics.
To verify that the Quasi-3D simulation method could be used to calculate the icing accretion on rotating blade, the icing test was carried out. Figure 8 shows the diagram of test. The NACA0018 blades were installed on the rotating beam to simulate the icing accretion on the cross section of the airfoil of the wind turbine blade. Two installed angles were set in this icing test. The test conditions are as follows: LWC = 0.5 g m , n =600 r min 21 , and t = 225 s. Figure 9 shows the comparison results between experiment and simulation. The comparison results show that the results of simulation are in agreement with the results of experiment. The result shows that this Quasi-3D simulation method could be used to calculate the icing accretion on rotating blade of wind turbine. Figure 10 shows icing shapes of sections of 2, 4, 6, and 8 under different temperatures at the icing time of 5400 s. The icing shape changes with temperature variation. It is observed that horn icing shape occurs at the temperatures between 26°C and 214°C, and streamline icing shape occurs at the temperature of 220°C. The icing shapes have the typical characteristics of both the horn shape and streamline shape when the temperature is between 216°C and 218°C. When moist air impacts on the blade, it forms water film to spread from middle to two sides due to the effect of flow wind at the temperatures between 26°C and 214°C, thereby forming concave area on the blade. This is in contrast to water film being not formed due to the effect of freezing on the blade immediately at the temperature of 220°C. Figure 11 shows ice accretion characteristics on different blade sections at various simulated times ranging from 1800 to 5400 s. It is found that the horn icing shape occurs on different blade sections at temperature of 26°C, and ice accretion thickness increases with the passing of time at certain sections. When the temperature decreases by 220°C, icing shape changes from horn to streamline, and the streamline ice accretion thickness increases with the passing of time at certain sections. The 3D icing shape on blade surface is shown in Figure 12 using quasi-3D numerical simulation reported by Li et al. 26 According to the quasi-3D model, closer the section to the blade tip, bigger the icing shape is. The water content increases due to the high tangential velocity close to the blade tip, thereby forming big icing shape. When icing accretes on the blade tip, the performance of wind turbine reduces due to torque variation.
Results and discussion

Icing distribution
Analysis of dimensionless parameters of icing shape
The dimensionless parameters including icing area, stationary thickness, and icing volume are selected to analyze ice accretion characteristics on blade surface. 27 Figure 13 shows the typical characteristic parameters of streamline icing shape and horn icing shape. The typical characteristic parameters of streamline icing shape include icing area S, stationary point thicknessd, stationary point deflect angle u, icing upper limit L u , icing lower limit L d , and width of icing w. And, the typical characteristic parameters of horn icing shape including icing area S, icing upper limit L u , icing lower limit L d , width of icing w, upper horn d u , thickness of lower horn d d , deflection angle of upper horn u u , and deflection angle of lower horn u d .
The typical characteristic parameters including icing area, the maximum stagnation thickness, and icing volume are represented by S, d max , and V for evaluating the icing shapes of blades, respectively. Dimensionless parameters including the maximum stationary thickness, icing area, and volume are expressed as follows. The maximum stationary point thickness of streamline icing shape is
The maximum stationary point thickness of horn icing shape is
where d is the stationary point thickness, d u is the upper stationary point thickness, d d is the dower stationary point thickness, c is the chord length of airfoil, S is the icing area, S b is surface area of blade, V i is the volume of icing, and V b is the volume of blade. Figure 14 shows the relationship between icing area and temperature on different blade sections at time of 5400 s. The icing area increases with decreasing the temperatures. The icing area rises rapidly at the temperatures between 26°C and 212°C, and the icing area rises slowly when the temperatures are between 214°C and 220°C. In addition, the effect of environmental temperature on the icing area close to the blade tip is significant. When environmental temperature is 220°C, icing area reaches 43% of airfoil area, and the maximum icing area is 2.8 3 10 6 mm 2 . This is mainly because the water content increases close to the blade tip due to high tangential velocity, thereby freezing immediately at temperature of 220°C. Figure 15 shows relationship between the maximum dimensionless stationary point thickness of different sections and different temperatures at time of 5400 s. The maximum dimensionless stationary point thickness first increases with the temperatures decreasing from 26°C to 212°C, then decreases with the temperatures reducing from 212°C to 220°C. The maximum stationary thickness is 220 mm at the temperature of 212°C, which is about 29% of the airfoil chord length. This is due to the fact that horn icing shape with two horns occurs at the temperatures between 26°C and 212°C, thereby increasing the maximum stationary thickness. Figure 16 shows the relationship between dimensionless icing volume of blade and different temperatures at different times. The icing volume increases with temperature decreasing generally. At the initial icing process, the icing volume of blade increases layer by layer and keeps the similar type with increasing time due to the effect of decreasing temperatures. Therefore, the maximum icing volume is 2.04 3 10 8 mm 3 , which is about 14% of the blade volume. Figure 17 shows the flow field around blade airfoil of section 8 with and without icing under different icing times. Figure 17(a) shows the change of flow field around blade airfoil with increasing icing times at 214°C, which is the horn ice shape. Figure 17 increasing icing times at 220°C, which is the streamline ice shape. Comparing with the airfoil without icing, the flow field around airfoil with streamline ice changed slightly near the leading edge. However, the flow field changed greatly for horn ice condition. According to Figure 17 (a), the flow field almost completely changed at the position of horn icing. According to Figure  17 (b), the streamline changed and the negative pressure zone appeared on the abdomen of the airfoil. The negative pressure zones appear on both sides of airfoil surface. It can be concluded that the aerodynamic characteristics of iced blade will be definitely greatly decreased, which can lead to the whole power performance degradation of wind turbine.
Flow field
Conclusion
The main conclusions obtained under the condition of this study are as follows:
1. Two icing shapes are obtained for all blade sections studied at different temperatures: horn icing shape and streamline icing shape. The horn icing shape occurs at the temperatures between 26°C and 214°C and the streamline icing shape occurs at the temperature of 220°C. The icing shapes have the typical characteristics of both the horn shape and streamline shape when the temperature is between 216°C and 218°C.
2. At certain temperature, the icing shapes of different sections along the turbine blade are different. Closer the section to the blade tip, bigger the icing shape is. 3. At certain blade section, the icing accretes layer by layer on airfoil surface and keeps the similar icing shape with the increase in the time for all temperatures researched in this study. 4. The icing area at certain sections increases with decrease in the temperature. The maximum icing area obtained in this study reaches 43% of the airfoil area. The whole icing volume also increases with decrease in the temperature generally and the maximum icing volume is about 14% of blade volume.
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